Sliding surface searching method for slopes containing a potential weak structural surface  by Yao, Aijun et al.
lable at ScienceDirect
Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 275e279Contents lists avaiJournal of Rock Mechanics and
Geotechnical Engineering
journal homepage: www.rockgeotech.orgFull length articleSliding surface searching method for slopes containing a potential
weak structural surface
Aijun Yao a,*, Zhizhou Tian a, Yongjun Jin b
aKey Laboratory of Urban Security and Disaster Engineering, Ministry of Education, Beijing University of Technology, Beijing 100124, China
bNorth China Power Engineering Co., Ltd., China Power Engineering Consulting Group, Beijing 100120, Chinaa r t i c l e i n f o
Article history:
Received 5 March 2014
Received in revised form
10 March 2014
Accepted 16 March 2014





Simplex-ﬁnite stochastic tracking method* Corresponding author. Tel.: þ86 13683269395.
E-mail address: yaj@bjut.edu.cn (A. Yao).
Peer review under responsibility of Institute of Rock
Academy of Sciences.
Production and hosting by El
1674-7755  2014 Institute of Rock and Soil Mec
Sciences. Production and hosting by Elsevier B.V. All
http://dx.doi.org/10.1016/j.jrmge.2014.03.004a b s t r a c t
Weak structural surface is one of the key factors controlling the stability of slopes. The stability of rock
slopes is in general concerned with set of discontinuities. However, in soft rocks, failure can occur along
surfaces approaching to a circular failure surface. To better understand the position of potential sliding
surface, a new method called simplex-ﬁnite stochastic tracking method is proposed. This method
basically divides sliding surface into two parts: one is described by smooth curve obtained by random
searching, the other one is polyline formed by the weak structural surface. Single or multiple sliding
surfaces can be considered, and consequently several types of combined sliding surfaces can be simu-
lated. The paper will adopt the arc-polyline to simulate potential sliding surface and analyze the
searching process of sliding surface. Accordingly, software for slope stability analysis using this method
was developed and applied in real cases. The results show that, using simplex-ﬁnite stochastic tracking
method, it is possible to locate the position of a potential sliding surface in the slope.
 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Slope stability analysis is a very important issue for geotechnical
engineers, and it has attracted extensive attention across the world
(Lu et al., 2002; Wyllie and Mah, 2004). The stability of rock slopes
is in general concerned with set of discontinuities. However, in soft
rocks failure can occur along surfaces approaching to a circular
failure surface. Basically slope stability analysis should be con-
ducted in two steps. The ﬁrst one is to ﬁnd out the position of the
slope potential sliding surface, and the second is to analyze the
slope stability in these surfaces. Limit equilibriummethods are very
commonmethod andwidely applied to slope stability analysis with
various slope shapes and engineering geological conditions (Ni,
2004; Shi and Luan, 2013). However, numerical analysis methods
are nowadays used predominantly in rock slopes to safety analysis
evenwithout pre-deﬁning slide planes. For soft rocks, the key issueand Soil Mechanics, Chinese
sevier
hanics, Chinese Academy of
rights reserved.is how to search the position of potential sliding surfaces. Once
position of sliding surface is determined, satisfactory results can be
obtained (Zhao, 2006).
Many studies have been conducted on the sliding surface
searching technology since the 1970s (Fang et al., 2007; Yao and
Xue, 2008). Regarding searching technology various kinds of
searching methods were developed, including variation method,
pattern searching algorithm, mathematical programming
approach, dynamic programming method, random searching al-
gorithm, artiﬁcial intelligence method, etc. These methods make it
possible to search a single sliding surface, and fruitful achievements
are obtained. When weak structural planes or surfaces are present
in the slope, a potential sliding surface usually consists of two parts:
one is expressed by smooth curve obtained by random searching,
and the other one can be a polyline formed by weak structural
planes (Yin et al., 2007; Guo et al., 2013). In this way, the above-
mentioned methods are not suitable for searching the potential
sliding surface, and a new method called simplex-ﬁnite stochastic
tracking method is employed in the context. Engineering practice
shows that the proposed method permits to solve the problem
effectively.2. Characteristics of slope containing weak structural plane
Weak structural planes or surfaces refer to the geological
structure that controls the geometry and the position of slope (Li
et al., 1996; Wang et al., 2006; Ren et al., 2008). It plays a crucial
role in the stability evaluation of slopes (Zhang et al., 2001, 2012). In
Fig. 2. The discretization model of slope.
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a straight line or a polyline to simulate the weak structural surface.
A weak structural surface has the following characteristics:
(1) The origins of weak structural surfaces are very complex (Qian
et al., 2006; Du, 2013). Some weak structural surfaces are
formed in the digenesis stage as shown in Fig. 1a. Some are
formed under the action of tectonic stress, such as the existence
of discontinuities or faults within the rock slope, as shown in
Fig. 1b and c. Others are formed under the action of external
forces (weathering, unloading, groundwater, blasting, etc.), just
like cracks and mudded intercalation, as shown in Fig. 1d.
(2) The shear strength of a weak structural surface is signiﬁcantly
low, induced by the presence of a certain amount of ﬁlling
materials in the weak surface (Xie et al., 2006).
(3) As the strength of weak surface is signiﬁcantly low, once the
slope fails, it will slip along the potential sliding surface easily
(Zhu et al., 2010).3. Method for searching potential sliding surface
The basic principle of simplex-ﬁnite stochastic trackingmethod is
to search and to optimize a potential sliding surface within the
speciﬁed bound. In general, sliding body slips along the weak
structural surface when the weak structural surface is observed in
the toe or top of the slope. This paper focuses on the searching pro-
cess of the slope containing preﬁxedweak structural plane bymeans
of a simplex-ﬁnite stochastic trackingmethod. The combined sliding
surface consists of two parts: circular sliding surface and fold-line
plane (Liu et al., 1998). Its objective function can be deﬁned as
F 0S ¼ minFðyÞ ¼ minF½CombinSlipðxÞ (1)
where y ¼ CombinSlipðxÞ is the expression of the combined sliding
surface.
3.1. Mathematical model
The slope discretization model is shown in Fig. 2, where
y ¼ SlopeðxÞ is the formula of the expression of slope lines. It was
considered that the slope is divided into six data nodes, i.e. [Ni, i¼ 1,
2, ., 6]. Each data node is described by the two-dimensional co-
ordinates, (xi, yi). In addition, each node data must satisfy the
following conditions: xiþ1 > xi and yiþ1  yi. The y ¼ WstrsðxÞ
shown in Fig. 2 is the expression of weak structural plane data,
which are divided into three data nodes, [A, B, C], and each nodeFig. 1. The sketch of potential sliding surface.data must satisfy the following condition: xC > xB > xA. In fact, the
number of slope lines data and surface are determined by site-
speciﬁc investigation.
The ground model can be discretized as shown in Fig. 2 for two
strata: stratum I is divided into four nodes [N5, N4, N7, N6], and
stratum II is divided into six nodes [N3, N2, N1, N9, N8, N7].
3.2. Searching process of potential sliding surface
If a weak plane exists in slope, the sliding basically slips along
the potential sliding surface, so the end point E of the circular
sliding surface would be located in the weak structural plane, as
shown in Fig. 2.
The ﬁrst step is to identify the starting point S of the circular
sliding surface, as shown in Fig. 3. xS˛ðx7; x8Þ and its expression is
shown as




ðxS  x7Þ þ y7
9>=
>; (2)
where R1 is a uniformly distributed random number, and R1˛(0, 1).
The second step is to identify the searching scope of the end
point E in the circular sliding surface, as shown in Fig. 3. Its
expression is
xE ¼ xA þ R2ðxC  xAÞ
yE ¼ WstrsðxEÞ

(3)Fig. 3. The searching constraints diagram for potential sliding surface.
Fig. 5. The second kind of ineffective circular sliding surface.
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The third step is to identify the mid-point T in the circular
sliding surface; it must be on the line connecting the points O and
M and satisfying the following conditions:
(1) The sliding surface should not be convex, i.e. xT  xM .
(2) The sliding surface and the slope lines should not have inter-
section point, just like the left dotted line shown in Fig. 3.
(3) The slope of tangent line for the start point S in the circular
sliding surface should not be negative, and not less than that of
the ﬁrst section of the weak structural plane.
We can obtain xTmin by conditions (1) and (2), and xTmax by
condition (3). The expression of mid-point T is
xT ¼ xTmin þ R3ðxTmax  xTminÞ
yT ¼ KJðxT  xMÞ þ yM

(4)
where R3 is the uniformly distributed random number, and R3˛(0,
1); KJ is the slope of the line connecting points O and M.
The fourth step is to construct a circular sliding surface. Ac-
cording to the above three steps, we have obtained points S, T, E.
The determinant circular sliding surface is written as
j x2 þ y2 x y 1x2S þ y2S x2S y2S 1x2E þ y2E x2E y2Ei 1
x2T þ y2T x2T y2T 1
j ¼ 0 (5)
The ﬁfth step is to judge the effectiveness of circular sliding
surface. The circular sliding surface obtained by random searching,
as a part of the combined sliding surface, is ineffective when it
intersects weak structural plane and the node C of weak structural
plane falls inside of the circle. It is easily sliding along the weak
structural surface, because the strength of weak surface is signiﬁ-
cantly lower than surrounding rock and soil. Just like the circular
sliding surface (arc STE2E1E) is ineffective, but part of the circular
sliding surface (arc STE2) is effective. So the combined sliding sur-
face consists of arc STE2, polylines E2B and BA as shown in Fig. 4.
The circular sliding surface, as a part of the combined sliding
surface, is also ineffective when it intersects with weak structural
plane and the node C of weak structural plane falls inside of the
circle as shown in Fig. 5. The slope sliding along the SE1E is
impossible. But we can get arc STC instead of arc SE1E. Arc STC
obtained by random search, the point C is the end point of the weak
structural plane, the point S is obtained the last random search. So
the combined sliding surface consists of arc STC, polylines CB and
BA as shown in Fig. 5, where T is the point obtained by searching.Fig. 4. The ﬁrst kind of ineffective circular sliding surface.The sixth step is to calculate the safety factor of slope: calculate
the approximation of the safety factor of slope on the basis of
objective function, and then optimize it, and ﬁnally determine the
position of sliding surface and its safety factor.
4. Analysis of an engineering example
To better understand the inﬂuence of weak surfaces on slope
stability, the developed software DL-SLOPE V1.0 was used to
analyze the stability of a slope in Fenshui town, Wanzhou district,
Chongqing, China. The software uses the transfer coefﬁcient
method, which is also called imbalance thrust force method or
polygon method (Pan, 1980), and the simpliﬁed algorithms show
off its simple calculation, applicability and convenience to good
effect, besides, it has been very popular in the irrigation depart-
ment and the railway department of China.
4.1. Brief description of the project
At the project site, there is a reservoir in the northeastern side,
and a national highway along the north side. The site belongs to
hilly area and has topographic relief, which is caused by early tec-
tonic denudation. Besides, this project site is surrounded by various
extremely important buildings and structures. Therefore, if the
slope fails, it can cause heavy casualties and great economic losses.
The elevation of the project site is about 654.3 m. The formation
from top to bottom can be divided into following four layers and the
geo-mechanical parameters of all layers are listed in Table 1:
(1) The ﬁrst layer mainly consists of silty clay, which is brown,
brown yellow or gray-yellow in color. It has a wide distribution
and its shear strength is low.
(2) The second layer mainly consists of silt, which is gray-brown or
gray-yellow in color, and the average thickness is about 0.5 m.
Its shear strength is much lower than others, which can be
deﬁned as the weak structural plane.
(3) The third layer mainly consists of weathered sandstone, which
is off-white or gunmetal-gray in color, and the averageTable 1







Silty clay 19.8 18 33
Silt 20 0 25
Weathered sandstone 23.5 30 45
Slightly weathered sandstone 24.5 45 48
Fig. 6. The geometric model of the most unfavorable slope.
Table 2
The design parameters of anchor cables.






1 15 840 3 664.3
2 15 780 3 669.3
3 15 735 3 674.3
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clayey mineral is dominant but with high shear strength.
(4) The fourth layer mainly consists of slightly weathered sand-
stone, which is off-white in color, and the average thickness is
about 12.5 m. Feldspar is dominant in this layer, and then is
quartz, so the shear strength of the fourth layer is higher than
that of the third layer.Fig. 7. The results for two cases: (a) considering weak surface; (b) without considering
weak surface.The project site is located in an area of seismic intensity VI.
According to the Technical Code for Building Slope Engineering
(GB50330-2002) (MOHURD, 2002), it is not necessary to conduct
seismic calculations.4.2. Stability analysis
In view of the importance of the surrounding buildings, the
slope must be maintained in a stable condition. According to
MOHURD (2002), the design safety class of the slope is I, and in
consequence the safety factor of the slope should be not less than
1.30. The geometric model for the most unfavorable slope is shown
in Fig. 6.
Reinforcement techniques using anchor cables were adopted in
order to improve the safety factor of the slope. The design param-
eters of anchor cables are listed in Table 2.
The safety factors of slope were calculated respectively for two
cases taking or not into account the inﬂuence of weak surface. The
results are shown in Fig. 7.
When considering the inﬂuence of weak surface, the position of
the potential sliding surface is the combined sliding surface and the
safety factor of slope is 1.302. Without considering the inﬂuence of
weak structural plane, the position of the potential sliding surface is
the circular sliding surface and the safety factor of slope is 1.721.5. Conclusions
From the situations presented in the paper, the following con-
clusions can be drawn:
(1) The weak structural surface is directly associated with the po-
sition of the potential sliding surface due to its low shear
strength. In this regard, it should be consideredwhen analyzing
the slope stability.
(2) The simplex-ﬁnite stochastic trackingmethod is simple and can
be coded conveniently. The potential sliding surface searched
by the proposed method can be used to reﬂect the real engi-
neering geological conditions. The case study demonstrates
that considering the inﬂuence of weak surface when using the
simplex-ﬁnite stochastic tracking method is very important in
the slope stability analysis.Conﬂict of interest
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